Background: Near-infrared spectroscopy (NIRS) may assist with characterization of a hemodynamically significant patent ductus arteriosus (hsPDA) by measuring cerebral and renal saturation (Csat and Rsat) levels. We hypothesized that Csat and Rsat in preterm infants with an hsPDA would be decreased compared to those with no PDA or nonsignificant PDA. Methods: This non a-priori designed study retrospectively investigated clinical and ECHO characteristics of preterm infants <29 wk gestation who underwent routine NIRS monitoring. Logistic regression assessed association between NIRS measures and an hsPDA by ECHO. results: Of 47 infants, 21 had a confirmed hsPDA by ECHO, 14 had a nonsignificant PDA, and 12 had no ECHO performed due to low clinical suspicion for PDA. Logistic regression adjusted for gestational age found that lower Rsat was associated with an hsPDA by ECHO (OR 0.9, 95% CI 0.83-0.98, P = 0.01). Using ROC curves, Rsat < 66% identified an hsPDA with a sensitivity of 81% and specificity of 77%, while Csat was not significant. conclusion: Low Rsat < 66% was associated with the presence of an hsPDA in the preterm infant. Csat may be preserved if cerebral autoregulation is largely intact. Bedside NIRS monitoring may reasonably increase suspicion for a significant PDA in the preterm infant. a pproximately 70% of extremely premature infants have a hemodynamically significant patent ductus arteriosus (hsPDA) (1). A patent ductus arteriosus (PDA) maintains connection between the systemic and pulmonary circulation after birth, which can result in left-to-right shunting of blood and decreased end organ perfusion. Infants with an hsPDA are at risk for poor cerebral and renal perfusion and may be at risk for complications such as pulmonary hemorrhage, intraventricular hemorrhage, necrotizing enterocolitis, bronchopulmonary dysplasia, and death (2-5). Treatment of an hsPDA remains controversial. Historically, ibuprofen, indomethacin, or surgical ligation have been used to promote closure of the PDA, yet recent studies show a high incidence of spontaneous closure and potential inefficacy of medical or surgical treatment in reducing adverse outcomes (6,7). Indomethacin or ibuprofen administration may further result in impaired renal function, intestinal perforation, altered cerebral autoregulation, or increasing hyperbilirubinemia (8-11). Complications of surgical ligation including an increased risk of bronchopulmonary dysplasia and neurodevelopmental impairment have also been described (12,13). Proper characterization of the hemodynamic significance of the PDA is necessary to guide management decisions and optimize outcomes for the preterm infant.
reducing adverse outcomes (6, 7) . Indomethacin or ibuprofen administration may further result in impaired renal function, intestinal perforation, altered cerebral autoregulation, or increasing hyperbilirubinemia (8) (9) (10) (11) . Complications of surgical ligation including an increased risk of bronchopulmonary dysplasia and neurodevelopmental impairment have also been described (12, 13) . Proper characterization of the hemodynamic significance of the PDA is necessary to guide management decisions and optimize outcomes for the preterm infant.
However, no studies have found a definitive, minimally invasive technique to quantitatively assess PDA significance outside of echocardiogram (ECHO). Echocardiography can provide comprehensive hemodynamic information about the significance of a PDA, but typically requires the skills of a trained echocardiographer and evaluation by a pediatric cardiology subspecialist, which may be a barrier to timely diagnosis at some institutions. Furthermore, optimal ECHO measures to characterize the hemodynamic significance of a PDA have not yet been standardized, although several ECHO scoring systems have been proposed (5, 14) .
Alternative real-time assessment of the hemodynamic significance of a PDA is needed. Near-infrared spectroscopy (NIRS) has been validated as a technology to noninvasively measure regional cerebral and renal oxygen saturation (Csat and Rsat) levels at the bedside (15, 16) . Given that critical Csat measures <40% have been associated with the occurrence of seizures, ischemic MRI lesions, and neuronal injury in neonatal cases and animal models (17) (18) (19) , NIRS measures may also be useful in evaluating the significance of an infant's patent ductus arteriosus. Rsat measures are less well studied, but are notably decreased and more variable in the preterm infant compared to the term infant (20, 21) , and may alert a clinician to hemodynamic changes earlier than Csat or blood pressure measures (22, 23) . Determining the hemodynamic significance of a PDA based on reduced oxygenation of the brain or kidney may warrant medical or surgical closure of the ductus, as opposed to conservative management. This diagnostic capability could be of great utility to the physician.
In this observational study, we sought to determine if observed NIRS measurements were associated with the RESULTS This consecutive sample of neonates <29 wk gestational age were admitted to the NICU at our institution over a 2-y period and underwent NIRS monitoring of cerebral and renal saturations as part of their routine clinical care. Thirty-five infants had both NIRS monitoring and ECHO performed, while 12 infants with low clinical suspicion for a PDA received only NIRS monitoring, for a total of 47 subjects. Twenty-two infants were not included because of lack of complete NIRS data. Of the 35 preterm infants receiving both NIRS monitoring and ECHO, 14 had a nonsignificant PDA and 21 had an hsPDA by ECHO. All infants had birth weight between 430-1,710 g and gestational age between 23-29 wk. Neonatal characteristics for all three groups are shown in Table 1 . There was no significant difference in perinatal variables between infants that had an ECHO done, except that more infants were treated with indomethacin or surgical ligation in the hsPDA group (P = 0.002). Although not statistically significant, the hsPDA group tended to have their ECHO and associated NIRS monitoring done at a later median age (7 d) than the nonsignificant PDA group (5 d).
The infants with low clinical suspicion for a PDA that did not have an ECHO performed were less critically ill than the rest of the cohort, with minimal use of vasopressors (P = 0.004), diuretics (P = 0.0005), or mechanical ventilation (P = 0.009) compared to the hsPDA group. They also did not have oliguria and more infants from this group were receiving enteral feeds. None of the infants were treated with indomethacin or surgical ligation. Neonatal differences between the "no ECHO" group and the nonsignificant PDA group did not reach statistical significance.
There was no significant difference in average Csat or Rsat measures when analyzed for 24, 12, or 6 h (Csat 73.2 ± 2.2%, 73.8 ± 2.1%, 73.8 ± 2.2%, respectively, and Rsat 70.5 ± 2.5%, 70.9 ± 2.4%, 70.5 ± 2.8%). Therefore, the complete 24-h NIRS data were utilized to compare differences in NIRS measures between groups. Table 2 depicts average NIRS measures of infants by their PDA classification group. Considering only the 35 infants that had ECHO results, those with an hsPDA had a significantly lower Rsat (61 ± 3%) compared to those with a nonsignificant or no PDA (70 ± 3%) (P = 0.03). The average Csat in the hsPDA group (68 ± 2%) was also lower than in the nonsignificant or no PDA group (73 ± 3%), although not statistically significant (P = 0.24). Adding in the infants who did not have an ECHO done due to low clinical suspicion for a PDA, the hsPDA group continued to demonstrate significantly lower Rsat measures (61 ± 3%) compared to the group without ECHO data (72 ± 2%) (P < 0.01). Utilizing the entire cohort of infants, the Rsat levels were significantly lower (P = 0.003) and the cerebral to renal oxygenation ratios (CROR) significantly higher (P = 0.007) in the hsPDA group. Multivariate logistic regression with adjustment for gestational age as well as adjustment for the significant variables from Table 1 (pressor use, diuretic use, mechanical ventilation, and enteral feeds during NIRS monitoring) confirmed that lower Rsat (OR 0.9, 95% CI 0.79-0.99, P = 0.03) and higher CROR (OR 150, 95% CI 1-1,000, P = 0.05) were associated with the presence of an hsPDA.
Receiver operating characteristic (ROC) curves were generated for the entire cohort to establish cut-off values for Csat and Rsat that were associated with an hsPDA. An Rsat of 66.1% or less was associated with an hsPDA with a sensitivity and specificity of 81.0 and 76.9%, respectively (Figure 1a , AUC = 0.786, P < 0.0001). ROC curves were also generated for only those patients who had echocardiograms and yielded similar results, with a cut-off value of 66.0% and a sensitivity and specificity of 78.6 and 81.0%, respectively (Figure 1b, AUC = 0.748, P = 0.0035). Csat, however, was not associated with the outcome variable.
DISCUSSION
A lower Rsat as measured with NIRS may indicate the presence of an hsPDA by ECHO. NIRS monitoring of the preterm infant may be helpful to further characterize the hsPDA and to guide treatment decisions. Given that Rsat measures in patients without an ECHO were significantly higher than those with a significant PDA, one could potentially use NIRS monitoring alone to increase a clinician's suspicion for an hsPDA. This bedside monitor could also provide cost-savings by directing clinicians about when to consider obtaining an ECHO. ROC curve analysis demonstrated that diminished Rsat below 66% was associated with an hsPDA while Csat was not associated with an hsPDA. This finding held true when focusing on a subset of the population who had echocardiograms.
Preserved cerebral autoregulation likely explains the greater significance of Rsat when compared to Csat in infants with an hsPDA. Cerebral oxygenation may be maintained if autoregulatory capacity is intact, despite ongoing somatic ischemia. Similarly CROR was a significant NIRS measure in the full cohort given the overall preservation of autoregulation for the entire study group. However, several investigators have shown that cerebral autoregulation can be impaired in preterm infants (24) (25) (26) . Our results also demonstrated a trend towards lower Csat levels in those infants with an hsPDA. It is possible that additional compromise of Csat levels may be indicative of impaired autoregulation in the setting of an hsPDA, and could potentially warrant earlier intervention to close the PDA.
Limited research has been published about NIRS monitoring in the context of a preterm neonate with a PDA. Studies have primarily focused on changes in cerebral oxygenation that are seen with indomethacin or ibuprofen treatment or with surgical ligation (27) (28) (29) (30) (31) (32) (33) (34) ; normalization of NIRS measures has been associated with documented ductal closure. A few investigators have applied NIRS monitoring for early (33) . Given the changing approach to PDA treatment with a greater focus on conservative management while awaiting spontaneous closure and less intervention in the first few days of life, we chose to investigate the utility of NIRS monitoring at closer to a week of life when differentiation of an hsPDA is critical for directing further management. Our study uniquely demonstrates the utility of NIRS as a bedside monitor for later detection of an hsPDA. Most similar to our study, Petrova et al. also performed NIRS measurements in preterm infants at closer to a week of life (35) . These investigators found that the size of the PDA (moderate compared to large transductal diameters) did not differentiate cerebral and renal tissue oxygenation measures in preterm infants. However, the NIRS measures described in their study (68% cerebral and 57-60% renal) were similar to those demonstrated in our population with an hsPDA. Our study differed in that we grouped moderate and large PDA diameters together as hemodynamically significant and also included additional ECHO parameters to classify an hsPDA.
Reports of decreased mesenteric saturation in the setting of a PDA with improvement after PDA closure have also been described (28, 35) . Our study utilized renal saturation levels rather than mesenteric saturations given the propensity for low mesenteric values with greater variability in the first few days of life (20) in preterm infants. We found renal saturation levels to be more reliably obtained with less disruption of signal integrity. However, monitoring of somatic oxygenation, whether renal or mesenteric could theoretically provide similar information about the significance of a PDA leading to a decrease in end organ oxygenation.
Limitations of this study include relatively small patient numbers at a single institution where PDA management currently favors conservative management and awaiting spontaneous ductal closure. This study was also not designed a priori, precluding a power analysis for adequate sample size. The timing of ECHO, if done at all, in the first 2 wk of life was also not standardized and could have introduced variability with age. Lack of a universal standardized ECHO scoring system for determination of an hsPDA may have misclassified infants. However, we have utilized these ECHO parameters for characterization of an hsPDA in previous research (5) . Also, only 3 infants with non-significant or no PDA by ECHO had Rsat levels <66%. As all three of these infants were <1,000 g and on the ventilator, their lower Rsat levels were likely influenced by low renal blood flow due to immature renal function or cardiovascular instability, and these factors should be considered as a cause of low Rsat instead of a PDA. Furthermore, interventions that could affect Csat and Rsat such as red blood cell transfusions and periods of significant hypocarbia, hypoxia, or hypotension were not excluded from the NIRS monitoring period. These factors may have affected NIRS measures beyond the effects of an hsPDA alone (36) (37) (38) . It is not clear if NIRS measurements over the flank reflected oxygenation of the renal parenchyma or the surrounding tissues, as precise kidney location was not confirmed by ultrasound prior to sensor placement. However, the placement of a flank sensor below the costal margin and above the iliac crest in a neonate has previously been described in several studies as a measure of renal oxygenation (33, 35, 36) . NIRS data were averaged over a full 24-h period to best capture overall cerebral and renal perfusion in preterm infants with the potential for a significant PDA. Lastly, the values of sensitivity and specificity in the ROC analysis were calculated on the same patient group used to obtain the threshold values, and thus represent a best-case scenario. Ideally, a future prospective study would be helpful to test an Rsat cut-off value of 66% for prediction of an hsPDA by ECHO.
Conclusion
In a population of preterm infants <29 wk gestation, NIRS bedside monitoring of Csat and Rsat measures was a noninvasive method to suggest the presence of an hsPDA as confirmed by ECHO. Lower Rsat levels were associated with an hsPDA, while Csat levels may have largely been preserved due to intact autoregulatory capacity. Further prospective, rigorous investigation is warranted into the utility of NIRS monitoring for detection of a significant PDA and to guide treatment decisions.
METHODS

Subjects
In this non-a priori designed study, a consecutive sample of eligible infants were preterm at <29 wk gestational age and underwent NIRS monitoring as part of their routine clinical care in the first one to 2 wk of life. These infants were all born between September 2013 and August 2015 and admitted to the Neonatal Intensive Care Unit (NICU) at Lucile Packard Children's Hospital Stanford. Infants were not included if NIRS data were incomplete or unavailable. Infants are not treated with prophylactic indomethacin at this institution. There is currently no standardized protocol for obtaining an ECHO or for treating a suspected PDA, and such decisions were made at the discretion of the clinician. Clinicians were not blinded to NIRS measures; however, no guidelines were implemented regarding approach to NIRS measures other than to notify a clinician for Csat levels sustained at <50%. Infants who were born with congenital heart disease or other congenital or chromosomal abnormalities were excluded from this study. Expedited approval without consent was obtained from the Stanford University Human Subjects in Medical Research Committee.
Data Collection
Clinical and ECHO data if available were retrospectively obtained. Clinical variables collected included gestational age, birth weight, and PDA treatment type. Additional variables at the time of NIRS monitoring included ventilatory support, pressor and diuretic use, enteral feeding information, and presence of oliguria (defined as a urine output <1 ml/kg/h). Infants were classified as having an hsPDA by ECHO findings of a subjectively large or very large ductal diameter, evidence of holodiastolic retrograde aortic flow, or presence of left-atrial enlargement as determined by a Pediatric Cardiologist. All other infants were NIRS and detection of a PDA Articles classified as having no PDA/nonsignificant PDA by ECHO. If a subject had more than one ECHO performed in the first 2 wk of life, the ECHO with the most significant findings prior to any intervention for ductal closure was utilized with its corresponding NIRS data.
NIRS monitoring of cerebral and renal saturation was standardly obtained for all preterm infants <29 wk gestation in the first week of life. NIRS infant sensors (INVOS 5100, Medtronic, Boulder, CO) were located on the central forehead and on either the right or left posterior flank above the iliac crest and below the costal margin (T10-L2) for monitoring of Csat and Rsat levels respectively (35, 36) . NIRS provides real time monitoring of Csat and Rsat by calculating the difference in intensity between transmitted and received near-infrared light. The near-infrared light is differentially absorbed by deoxyhemoglobin and oxyhemoglobin in the underlying tissue, allowing for calculation of a regional tissue oxygen saturation level. The CROR absolute value was calculated as an additional comparison between patients, as it has previously been demonstrated to decrease during isolated renal ischemia, but remain unchanged under normal conditions (36, 37) . Csat, Rsat, and CROR were averaged for a 24-h period prior to the ECHO performed to evaluate for a PDA. For the subset of infants without ECHO data, NIRS measures were analyzed for a 24-h period beginning on day of life 6 to more closely correspond with the average age of monitoring in the group with ECHO data. Six and 12-h periods prior to ECHO were also analyzed in a random subset of 12 infants to assess for differences due to selected time period of analysis.
Statistical Analyses
Neonatal characteristics were compared between hsPDA, nonsignificant PDA, and no ECHO groups using Fisher's exact test with Freeman-Halton extension for categorical variables and KruskalWallis test for nonparametric continuous variables with Bonferroni correction for multiple comparisons. NIRS measures were normally distributed and were compared between groups with analysis of variance. The association between NIRS measures and the presence of an hsPDA was determined using multivariate logistic regression adjusted for gestational age and other determined significant variables for the entire cohort and also for the subset with confirmed ECHO results. Analyses were conducted using SAS version 9.3 (Cary, NC). ROC curves were generated to determine cut-off values for Csat or Rsat measures that were associated with an hsPDA (Analyse-it Standard version 4.10.2, Leeds, UK). Again, the entire cohort was assessed as well as only those patients with an ECHO study. The Youden index was utilized to establish cut-off values for both. Probability (P) values of <0.05 were considered statistically significant.
